Introduction
============

ABT-925 is a selective dopamine D3 receptor (DRD3) antagonist *in vitro*.^[@bib1]^ We recently reported that ABT-925 regimens of 50 and 150 mg QD were well tolerated, but did not significantly improve schizophrenia symptoms in acutely ill patients.^[@bib2]^ A positron emission tomography study revealed that these regimens resulted in \<60% receptor occupancy of ABT-925 at the D3 receptor,^[@bib3]^ suggesting that the hypothesis of D3 receptor antagonism for the treatment of schizophrenia may not have been fully tested. Genetic polymorphisms at dopamine-relevant loci can increase sensitivity to dopamine and dopamine agonists^[@bib4]^ and may reveal subsets of schizophrenia patients in whom lower doses of D3 receptor antagonists could provide therapeutic benefit.

A single-nucleotide polymorphism in the *DRD3* gene results in a greater affinity of DRD3 for dopamine and some D3 receptor antagonists.^[@bib4]^ Associations between this Ser9Gly (S9G) single-nucleotide polymorphism and response to antipsychotics have been reported, however, treatment effects have been associated with each allele, reviewed in Arranz and de Leon.^[@bib5]^ A Val158Met (V158M) single-nucleotide polymorphism in the *catechol-o-methyl transferase* (*COMT*) gene reduces the ability of COMT to catabolize dopamine, and may affect subjects\' response to treatment with antipsychotics.^[@bib6],\ [@bib7]^ Polymorphisms in the dopamine transporter (*SLC6A3*) gene have been reported to affect transporter levels in the brain,^[@bib8]^ potentially modulating the levels of dopamine and affecting the response to antipsychotics. Given the strong evidence of the role of dopamine in the etiology of schizophrenia and the potential of these genetic loci to affect drug response, we examined specific polymorphisms in *DRD3*, *COMT* and *SLC6A3*, and sought to determine whether subjects\' genotypes at specific loci were associated with a salutary response to ABT-925.

Materials and methods
=====================

Study design
------------

The clinical trial was a double-blind, randomized, placebo-controlled, escalating-dose, parallel group study conducted in the United States (12 sites), Argentina (3 sites) and Mexico (4 sites). Details of the clinical study (NCT00412620) design and methods are published elsewhere.^[@bib2]^ Briefly, the study consisted of a screening period (up to 30 days), taper-off/washout (up to 7 days), double-blind (6 weeks) and follow-up (safety monitoring for 5 weeks). A total of 117 acutely ill schizophrenia subjects consented to pharmacogenetic analysis and were included in the sub-analysis reported here. Subjects received 50 mg or 150 mg ABT-925 QD or placebo for 6 weeks. The primary efficacy end point was the mean change from baseline to final evaluation in Positive and Negative Syndrome Scale (PANSS) total score. Secondary endpoints included the Negative Symptom Assessment (NSA) and PANSS subscale scores (positive symptoms, negative symptoms and general psychophathology). Analysis of PANSS change including DRD3 genotype as a covariate was a protocol-specified secondary analysis.

Subjects
--------

Independent ethics committees/institutional review boards approved the study protocol, and informed consent was obtained for each subject before any study-related procedures being performed. Male and female subjects 18--65 years old (inclusive) had a current primary diagnosis of schizophrenia or schizoaffective disorder undergoing an acute exacerbation with prominent 'active phase\' symptoms, as described by the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, Text Revision (DSM-IV-TR). For genotype determination, a blood sample was collected from each subject who consented to pharmacogenetic analysis.

Genotyping
----------

Deoxyribonucleic acid (DNA) was isolated from whole blood using the FlexiGene DNA AGF3000 kit (Qiagen, Valencia, CA, USA), on an AutogenFlex 3000 (AutoGen, Holliston, MA, USA). Genotypes at the *DRD3* 313A\>G (S9G) and *COMT* 417G\>A (V158M) single-nucleotide polymorphisms were determined using the pyrosequencing detection method (Qiagen). Primers used for *DRD3* S9G PCR were: 5′-ATCACGCACCTCCCTCTGG-3′ (forward) and 5′-GCTGGCACCTGTGGAGTTCT-3′ (reverse), and the pyrosequencing primer was: 5′-TCTGAGCCAGCTGAGT-3′. Primers used for *COMT* V158M PCR were: 5′-TCACCATCGAGATCAACCCC-3′ (forward) and 5′-CCACAGCCGGCCCTTTT-3′ (reverse), and the pyrosequencing primer was: 5′-GGTGGATTTCGCTGG-3′. Genotypes at the *SLC6A3* VNTR locus were determined by fragment analysis using a 3130xl Genetic Analyzer and Genemapper 4.0 software for analysis (Applied Biosystems, Foster City, CA, USA). Primers used for *SLC6A3* VNTR PCR were: 5′-TGCGGTGTAGGGAACGGCCTGAG-3′ (forward) and 5′-CTTCCTGGAGGTCACGGCTCAAGG-3′ (reverse). All individuals performing genotyping were blinded to clinical trial data.

Sampling bias
-------------

As the subjects could participate in the clinical trial without consenting to pharmacogenetic analysis, sampling bias could have confounded the results of the pharmacogenetic analyses. Sampling bias was assessed using a one-sample test comparing the observed means (or percentages) between the consenting subset to the means (or percentages) of all study subjects. One-sample *t*-tests were performed on subject demographics (age, sex and race), for baseline PANSS total score, and for the change from baseline to the final evaluation for the PANSS total score. The one-sample tests for the percentage of subjects in each treatment group were conducted to compare the mean (or percentage) values of the consenting subgroup to those of the entire study cohort. Each two-sided test was considered statistically significant when *P*\<0.05.

Pharmacogenetic analysis for efficacy
-------------------------------------

To examine if genotype had any impact on subjects\' responses to treatment, an analysis of covariance for change from baseline to final evaluation for the PANSS total score was carried out for the intent-to-treat data set (all subjects for whom efficacy assessments were available at baseline and at least one on-treatment visit) with factors for treatment, genotype and interaction term of treatment-by-genotype, and with baseline score as a covariate. This analysis was pre-specified in the protocol for comparison of *DRD3* SS to SG+GG genotypes. A two-sided test was considered significant when *P*\<0.05. Analyses for *COMT* V158M and *SLC6A3* VNTR were exploratory for hypothesis generation. Similar exploratory analyses were completed for the secondary outcome measures, which included the individual subscales of PANSS and NSA-16. Subgroup analyses to compare placebo with each active dose of ABT-925 were performed for the change from baseline to final evaluation for each outcome measure within each genotype group. The baseline score for each outcome measure was used as a covariate. In these analyses, as in the clinical trial analysis, the two placebo groups (placebo for 50 mg ABT-925 and placebo for 150 mg ABT-925) were combined. Qualitative assessment revealed no differences between the groups.^[@bib2]^

Analyses were performed using JMP Versions 6.0.0, and SAS Version 9.2.0 (both products of SAS Institute, Cary, NC, USA).

Results
=======

Sampling bias
-------------

In all, 67% of intent-to-treat subjects (117/153) consented for pharmacogenetic research. No statistically significant sampling bias was observed in age, sex or race between subjects who consented for pharmacogenetic analysis and all study subjects. Patient baseline characteristics for the intent-to-treat subjects have been previously published.^[@bib2]^ The pharmacogenetic testing patient subset was 73% male; 30% white, 50% black and 20% other; with a mean (s.d.) age of 40.6 (9.0) years.

Genotypes
---------

All genotypes were successfully determined and were in Hardy--Weinberg equilibrium. The *DRD3* 9G allele was observed at a frequency of 0.56. The *COMT* V158 allele was observed at a frequency of 0.64. Repeat length frequencies for the *SLC6A3* VNTR were: 3 copies, 0.008; 7 copies, 0.008; 8 copies, 0.016; 9 copies, 0.211; 10 copies, 0.748; 11 copies, 0.004 and 12 copies, 0.004.

Efficacy analyses
-----------------

A *DRD3* S9G genotype-by-treatment group interaction was observed for the mean change from baseline to the final evaluation for the PANSS total score (*P*=0.015) and the NSA-16 total score (*P*=0.004; [Figure 1](#fig1){ref-type="fig"}). Within the S/G+G/G group, 150 mg ABT-925 produced improvements compared with placebo of 8.8 points on the PANSS total score and 7.2 points on the NSA-16. Within the S/S group, this dose produced a worsening compared with placebo of 19.6 points on the PANSS total score, and both doses of ABT-925 produced a worsening on the NSA-16. For the *COMT* V158M locus, there was no statistically significant genotype-by-treatment group interaction for the PANSS total score (*P*=0.219; [Figure 1](#fig1){ref-type="fig"}). The dose of 150 mg ABT-925 produced an improvement of 8.3 points on the NSA-16 total score compared with placebo in subjects with the *COMT* V/V genotype; however, there was no statistically significant *COMT* V158M genotype-by-treatment group interaction. No significant effect of treatment was seen in the V/M or M/M genotype groups. Similar trends were seen across loci and genotypes on each PANSS subscale (see [Table 1](#tbl1){ref-type="table"}). There were no significant effects detected in analyses of *SLC6A3* genotypes (data not shown).

Discussion
==========

The therapeutic efficacy of D3 antagonism in schizophrenia has not yet been confirmed. A minimum receptor occupancy may be required for D3 antagonism to produce antipsychotic effects, as has been shown for the D2 receptor.^[@bib9],\ [@bib10]^ A follow-up study on 50 and 150 mg regimens of ABT-925 revealed \<60% receptor occupancy at the D3 receptor,^[@bib3]^ which may have limited the clinical efficacy of these doses. Nonetheless, our results coupled with the reported increased D3 receptor binding affinity for dopamine and D3 antagonists resulting from the *DRD3* S9G polymorphism,^[@bib4]^ suggest that possessing at least one G allele may confer a wider therapeutic window for D3 antagonists. Similarly, subjects with increased dopamine tone resulting from expression of the *COMT* V158M polymorphism^[@bib11]^ may be less likely to respond to D3 receptor antagonists.

Given the size of the data set, we cannot eliminate the possibility that the observed clinical significance of these markers is surrogate for factors which were not analyzed (for example, ethnicity). In addition, the current findings might not apply to patients not represented in the original clinical trial, such as treatment-resistant schizophrenia. Although sample sizes of the S/S and M/M genotype groups were relatively small, and the regimens did not provide sufficient receptor occupancy to assess clinical significance, these results support the notion that pharmacogenetic analyses may reveal sub-populations of schizophrenia patients who could respond favorably to D3 receptor antagonists. However, higher D3 receptor occupancy by a D3 antagonist should be achieved in order to fully understand therapeutic efficacy in schizophrenia and the effects of DRD3 polymorphisms. Thus, further research in this area is warranted.
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###### Effects of genotype and ABT-925 treatment on PANSS subscale measurements

                                            *Genotype*   *Placebo*     *50 mg ABT-925*   *150 mg ABT-925*
  ----------------------------------------- ------------ ------------- ----------------- ------------------
  *PANSS---positive symptoms scale*                                                      
   DRD3                                     S/G+G/G      −1.5 (0.95)   −2.0 (0.92)       −3.9 (0.95)
                                            S/S          −5.1 (1.98)   −2.9 (1.51)       −1.1 (2.16)
   COMT                                     V/V          −1.2 (1.19)   −1.8 (1.25)       −4.6 (1.56)
                                            V/M          −1.9 (1.50)   −2.2 (1.11)       −4.0 (1.15)
                                            M/M          −5.7 (2.11)   −3.7 (2.32)       1.4 (2.31)\*
                                                                                          
  *PANSS---negative symptoms scale*                                                      
   DRD3                                     S/G+G/G      −1.2 (0.78)   −2.1 (0.76)       −2.5 (0.79)
                                            S/S          −5.6 (1.63)   −1.2 (1.24)\*     −0.4 (1.75)\*
   COMT                                     V/V          −0.8 (1.00)   −1.9 (1.06)       −3.1 (1.34)
                                            V/M          −2.8 (1.26)   −1.8 (0.93)       −2.0 (0.98)
                                            M/M          −4.6 (1.81)   −2.4 (1.99)       −0.4 (1.97)
                                                                                          
  *PANSS---general psychopathology scale*                                                
   DRD3                                     S/G+G/G      −0.3 (1.49)   −2.2 (1.44)       −5.1 (1.49)\*
                                            S/S          −9.0 (3.08)   −1.6 (2.35)       1.9 (3.34)\*
   COMT                                     V/V          −1.2 (1.95)   −2.4 (2.05)       −6.2 (2.56)
                                            V/M          −2.5 (2.45)   −1.0 (1.81)       −3.9 (1.89)
                                            M/M          −3.3 (3.46)   −5.5 (3.85)       1.1 (3.79)

Abbreviations: DRD3, dopamine D3 receptor; COMT, catechol-o-methyl transferase; PANSS, Positive and Negative Syndrome Scale.

Values represent the model-based mean (s.e.) change from baseline to the final evaluation on each subscale. Negative values represent improvement in symptoms compared with baseline assessment. \**P*\<0.05 versus placebo. n/group (placebo, 50 mg, 150 mg): S/G+GG: 30, 32, 30; S/S: 7, 12, 6; V/V: 19, 17, 11; V/M: 12, 22, 20; M/M: 6, 5, 5.
